The ultrastructural effects of pyridalyl on the epidermal cells of S. litura larvae and cultured Sf9 cells were observed. In epidermal cells, hydropic degeneration containing swollen mitochondria, dilated rough endoplasmic reticulum, dilated Golgi apparatus, shrunken nuclei and increase of unidentified clear granules appeared 6 hr after treatment. In Sf9 cells, swelling of mitochondria was observed 4-6 hr after treatment, and then the cells finally entered hydropic degeneration. Since the time course of such ultrastructural changes was parallel to that of poisoning symptoms in the larvae, these effects were thought to be related with insecticidal action.
Introduction
Our previous report showed that pyridalyl caused unique acute and sub-acute symptoms in Spodoptera litura larvae when the compound was applied topically onto the dorsum of the larvae. 1) Larvae treated with lethal dosages of pyridalyl showed flaccid paralysis and died within 6 hr after treatment. In contrast, larvae treated with lower dosages of pyridalyl did not die within hours, but burn scars appeared on the epidermis where they had been treated with the compound after ecdysis. In another study, pyridalyl showed Sf9 cell cytotoxicity, but did not disrupt the respiration of isolated mitochondria.
2) Consequently, it was postulated that pyridalyl may disrupt certain cell functions, causing an insecticidal activity other than the direct inhibition of mitochondrial respiration. However, no direct proof supporting such a postulation has been found and the biochemical mechanism of the cytotoxic action of pyridalyl has not been clarified to date.
There are a few articles reporting the ultrastructural effects of insecticides on insect tissues. [3] [4] [5] These articles suggested that the ultrastructural effects of these insecticides on insect tissues might provide clues to clarify the mechanisms of insecticidal action. In this study, the ultrastructural changes of organelles in cells in the epidermis, midgut and ganglia in the body segment of S. litura larvae, treated with a lethal dose of pyridalyl, were observed with transmission electron microscopy (TEM) to investigate if the compound actually harms the cells. In addition, cultured Sf9 cells treated with pyridalyl were also observed for comparison.
Materials and Methods

Chemicals
Technical samples of pyridalyl (97%) and cypermethrin (95%) were synthesized by the Agricultural Chemicals Research Laboratory of Sumitomo Chemical Co., Ltd. Other chemicals were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Sf9 cell culture
A frozen stock of Sf9 cells derived from pupal ovarian tissue of S. frugiperda were purchased from Invitrogen Corp. (Carlsbad, CA, USA). The cultures were routinely maintained at 27°C in 75 cm 2 culture flasks in 10 ml of EX-CELL TM 400 serum-free medium (JRH Biosciences, Inc., Lenexa, KS, USA) as a monolayer. Cells were sub-cultured every 3-4 days.
Insects
The Sumitomo Chemical colony of susceptible S. litura larvae was reared on an artificial diet (Nihon Nosan K.K.) under conditions of 25-27°C, 60%RH, and a photoperiod of 16 : 8 (L:D). One-day-old 5th-instar larvae (40-50 mg body weight) were used in the experiments.
4. Sample preparations from Spodoptera litura larva for electron microscopy S. litura larvae were directly treated with a 1 ml drop of acetone solution including 100 ng pyridalyl or 100 ng cypermethrin onto their dorsum. The treated larvae were reared on an artificial diet and held under conditions of 25°C and 60%RH. Control groups were treated with solvent only. At 2, 4 and 6 hr after treatment, the poisoning symptoms of the larvae were recorded, and they were then dissected to excise their epidermis with muscle and dorsal aorta, fat body, midgut and ganglion under the treated site. The epidermis apart from the treated site was also excised to investigate whether any effects of pyridalyl appeared. The excised tissues were rinsed with ice-cold 0.1 M phosphate-buffered saline (PBS), pH 7.4, fixed in situ for 2 hr with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M PBS, pH 7.4, postfixed with 1% OsO 4 in 0.1 M PBS, pH 7.4, for 1 hr, dehydrated with a graded series of ethanol, and then embedded in epoxy resin. Thin sections were stained with uranyl citrate and lead nitrate, and examined under a JEOL 1200 EXII electron microscope.
Sample preparations from cultured Sf9 cells for electron microscopy
Cells were seeded as sub-confluent monolayers in 75 cm 2 culture flasks in 10 ml of EX-CELL TM 400 serum-free medium, then incubated at 27°C for 20-24 hr prior to the treatments. Pyridalyl was applied to the cell culture in 5 ml of EtOH solution to give a final concentration of 1.0 mM, and the cell cultures were incubated at 27°C for 2, 4, 6, 8, 12, 18 and 24 hr. At the prescribed number of hours after treatment, the cell cultures prepared for electron microscopy were fixed using the same method for S. litura larva as described above.
Results
Ultrastructural changes in the cells of Spodoptera litura larva treated with pyridalyl
The ultrastructure of epidermal cells in the larval dorsum 6 hr after treatment with acetone as a vehicle control is shown in Fig.  1A . The epidermal cells contained large and polymorphic nuclei with prominent nucleoli and heterochromatins in the pale nucleoplasm, and various numbers of vacuole-like clear granules, many fragmentary rough endoplasmic reticula, Golgi apparatus and mitochondria were visible in their cytoplasm. The mitochondria appeared to range from small and round to slender forms with an electron-dense matrix. The epidermal cells had many digital cytoplasmic processes (microvilli-like) at the apical surface facing the cuticle. Since these fine structures were similar to those in the epidermal cell in untreated larvae, it seemed that the vehicle, acetone, had no effect. At 2 hr after treatment with 100 ng pyridalyl, no symptoms appeared in the larvae and no significant changes were found in the nuclear and intracytoplasmic ultrastructures of the epidermal cells. At 4 hr after treatment with pyridalyl, the larvae were showing slight acute symptoms, such as decreased mobile activity. In the epidermal cells of the dorsum from such larvae, slight fine structural changes of organelles appeared. Their nuclei were slightly condensed and the mitochondria appeared to be enlarged. At 6 hr after pyridalyl treatment, the larvae showed clear flaccid paralysis and were nearing death. The epidermal cells from such larvae exhibited hydropic characteristics (Fig. 1B) , and mitochondria were swollen in the cytoplasm. Other membranous organelles, such as the rough endoplasmic reticula and Golgi apparatus were also dilated and vacuole-like clear granules increased and swelled. The nuclei of the epidermal cells were condensed and shrunken with a dilated nuclear envelope. At the apical surface of the epidermal cells, microvillous projections were shortened or had disappeared.
No such change in the organelles was found in the epidermal Ultrastructures of epidermal cells in Spodoptera litura larva. S. litura larvae were directly treated with a 1 ml drop of acetone (A), 100 ng of pyridalyl (B) or 100 ng of cypermethrin (C) onto their dorsum. The larva was dissected 2 hr (cypermethrin) or 6 hr (acetone or pyridalyl) after treatment and a piece of the epidermis at the treated site was excised and processed for TEM observation. Nuclei (N), mitochondria (Mt), vacuole-like clear granules (U), rough endplasmic reticla (rER), Golgi apparatus (GA) and clear digital cytoplasmic processes at the apical surface (I) were observed. cells apart from those at the treated site. The cells of other tissues, such as the dorsal aorta, muscular and fat tissues underlying the epidermis, midgut and ganglia did not change until 6 hr after treatment with pyridalyl (photographs not shown). Epidermal cells in the larvae treated with cypermethrin were also observed. When the larvae were nearing death 2 hr after treatment, no significant changes were observed in the epidermal cells (Fig. 1C) .
Ultrastructural effects of pyridalyl on cultured Sf9 cells
In the untreated controls, Sf9 cells contained large nuclei with prominent nucleoli, and slender mitochondria and polysomes in their cytoplasm. The rough endoplasmic reticula appeared to be fragmentary and small in number, and a small number of slender processes was also present at the cell surface ( Fig. 2A) .
Since pyridalyl showed clear effects on Sf9 cells at a concentration of 1.0 mM in the previous study, 2) Sf9 cells were exposed to 1.0 mM of pyridalyl for 2, 4, 6, 8, 12, 18 and 24 hr, and were examined with electron microscopy ( Fig. 2B-H) . Fine structural changes were seen in the mitochondria of cells treated with pyridalyl for longer than 4-6 hr, appearing enlarged, decreased in number and showing a low density matrix. At 8 hr after treatment, the cells showed swollen mitochondria with disarranged cristae, dissociation of polysomes and nuclear swelling, indicating hydropic degeneration of the cells.
Discussion
This study showed that pyridalyl caused significant ultrastructural changes of organelles in the epidermal cells of S. litura larvae when the compound was topically treated on the larval dermis. The time course of such ultrastructural changes in the larval epidermal cells after treatment with pyridalyl seemed parallel to the development of poisoning symptoms and the subsequent death of larvae.
In contrast, no significant changes appeared in the dermal cells apart from the treated site and other tissues, such as the midgut and ganglia. This suggested that pyridalyl did not affect tissues other than epidermal cells under the treated dermis.
The ultrastructures of the epidermal cells in larvae nearing death after cypermethrin treatment were also observed to investigate the effects of insecticide on the nervous system and to check if ultrastructural changes in epidermal cells would always appear in larvae nearing death. It was demonstrated that the ultrastructures of the organelles in epidermal cells were not affected by synthetic pyrethroids. Thus, it was suggested that such ultrastructural changes in the epidermal cells were caused by pyridalyl treatment and related to its insecticidal action.
In this study, the effects of pyridalyl treatment on the blood were not investigated. Since blood cells play important roles in bio-defense and metamorphosis, disturbance of their function may have fatal effects on insects. Although it is not certain if acute fatal effects resulted from disturbed blood cell function, it might be worthwhile to investigate the effects of pyridalyl on the blood system of insects in future.
The acute ultrastructural changes in Sf9 cells in vitro after pyridalyl treatment were similar to those in the epidermal cells of S. litura larvae, caused by dermal pyridalyl treatment. Pyridalyl caused ultrastructural changes of the mitochondria as the first evidence about 4 hr after treatment in both cell types. Subsequently, Sf9 cells showed the dissociation of polysomes and nuclear swelling, indicating that both cells underwent the rapid progression of hydropic degeneration and necrosis. 6) Thus, it was suggested that pyridalyl showed common and direct cytotoxic effects on both epidermal cells of S. litura and Sf9 cells. The morphological changes of cells or organelles reflect the cell condition and sometimes suggest the identification of the function being disrupted by chemical treatment. For example, cytocharasin B is known to affect actin in the cytoskeleton, 7) causing cells to assume an abnormal shape. 8) However, the morphological cell changes observed in this study were not sufficiently clear to identify the target functions or organelles. Mitochondrial swelling was the first evidence observed in both epidermal cells and Sf9 cells after treatment with pyridalyl. It was reported that substances that disrupt mitochondrial energetics cause mitochondria to swell. 9, 10) On the other hand, it was pointed out that such swelling is a common ultrastructural change caused by toxic injury, metabolic suppression and enzyme deficit. nance of cellular integrity in the cells. 11) In the affected larvae with the dermal application of 100 ng pyridalyl, the epidermal cells rapidly lost their microvillous projections at the apical surface facing the cuticle. Although microvillous projections are related to the cuticle secretions from epidermal cells, 13) the rapid loss of such structures seemed to reflect the hydropic changes of epidermal cells rather than the loss or inhibition of secretion.
In conclusion, the dermal exposure of 100 ng pyridalyl to S. litura larvae caused rapid hydropic degeneration of the epidermal cells without any change of the underlying cells and tissues. The ultrastructural changes in the epidermal cells in situ were comparable to those in Sf9 cells in vitro, suggesting that pyridalyl has common direct and cytotoxic effects on these cells.
